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¢—00ua xy—zﬂo o x

2 2
_ Lo’(mog“i VaE+E T ay a)
21 a
6. WASNBDETALEIEYR Loy 1& U = Loy &Y.

£+ Va? + 2
e+ +a) @
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Loyt = ﬁ <€log
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TE‘K}’B ELH—

7. ROZECZAVFVEIVAL =L + Loy
£ £+Va?+ 2
L= #—+M—;<€log?—\/a2 + ¢ +a> = (3)

8. BIEA+RITRWN(E>» a)&T B, F-. ERNEBOLLE
BMENEZOBWREEL (1 =p,) ELT,

Kazuya Masu




EREEDIUEIEIR BE mﬁ

O_NEHTIE. RN THEREEIL—
%étﬁELTL\é ?'731’)15 E/ﬁ /)Il.%
ELTLS,

o EFNEEIRD. THhLREMRABLE
LT EE 1L Z DAL E DB RGED I
BB

Kazuya Masu

ERfEBAODEZIUE VIR - /;04

#91.4 [nH/mm] | =10 D

[ length |

100n

10n =

//
1n ’/

==

=
0.1n %{ L 2=0.5 [um]

L a=1[um]
a= 2 [um]
0.01n L 111l

0.1 1 Length [mnm] 10

Inductance [H]
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1. EESEIALEYDBEEAUAY f i
BUR L ¥
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L=—I1 —
2 <°ge a 1
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rﬂ‘K}’B EEH—-
O®L = Lin+ Loy
WL BEAROAEIEOR
WL, BRI TRV R
® L, X9 TITEH K, ¢
L= LA L = 2
® Loy IFUTDLIITKDD, | ||
o SMORUNEMds =drxdl 4], T
FHRI DA TIREITHES

oy ; BKERE
B{KRE FRazba Masu
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Ti H‘K}’B EH-—-
1

Ods = dr x dl ZHEX T SR i l
I —

= 2mr Zn(d ) (@) T
O I RDM/NEFE ds ZHHXT
DR dp = u,H ds TEHERT

BEEHERMNKFES,
= [, " d¢
[ (%4 1 I A B
=Zf Gra=s)er 1
T " BIAERE a
_ ol g, L0 (3) BHRE
T a

BRI MR 26 a Masu
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®L = L+ Loy &Y. FERERDALFVEY
R(2KRHDEE) I,

uot’ d—a 1
L= - <loge 2 +4> 4)

O 1 KRLE-YDBEZAUF IRV RIL,

Mot d—a 1
L—2n<loge " +> 5)
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rax}'n_ ECH—

o EMEMD, h DEEICHLIERDEDIVE VIR

o HEMEETLBREALT L FEDMEICF—VERD
RNBEEZNIERLY,

{ 2h — 1
L= Ho log, aa + - i ? '
2n a 4 FC 0
;
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BAREREa
BRRE 4
EmE M SO IR e

EREEROEESAE V2R HEEA)°

TEK}’H_ ELH—
0.3~0.6[nH/mm]
100n = =
— —H T
— T—@,xm:* 08
£ 10n % 11.5,um %g 1.5 um
3 | 777777777 1] 7 = =
S \ T
g ; —
3 \ \
£ \ — 1.2 um
01 =
- 1.5 um
F
0.01n I NN
0.1 1 10
length L [mm]
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100n
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g 1n ==
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===t
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1-turn cc;—lﬂxfn . E'E&_
OMEFE a DERT, FHFFEb DA
AIVEERLTz. (b> a)

_ Hob 8b 7
L= > (logea )

B MoR< 4R 7)
©4m €

L

BAEER a
EHFEZE Db

SR R=2nb

a4
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TOKYd TEC

#0.5[nH] for R=1[mm] | =D

R = 2mh
100n 2a
= 10n
>
L —‘—’
3 f’
,§ 1n /
0.1n a=0.5 [um]
M a= 1 [um]
a=2[um]
0.01n L
01 1 10

Circumferential length R [mm] Kazuya Masu
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rax}'n_jf_m—

O ERERDYLT DA HAVRIE, BHER
FOEEEICLIBEHINTVSHETT,

O XEMBEMNBEHEILLT, ERMNEARRE T
ERNDESHE. AFBE AT I3
Z(0.05nm/mm) B 1=+ 24U 940X
[ERADLET,
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Self inductance of straight line

‘1'4 [nH] Straight Line
.
! L= 1,000um
Wt 2¢ 3
L~—|log——-
2 (og a 4 ®

If the cross section of the wire is 2umx2pm,
Wire resistance —6-9 Q
Reactance : |oL| @ 1[GHz] —» 10 Q

Modeling of inductance of interconnect become important.....
E.B. Rosa, "The Self and Mutual Inductances of Linear Conductors",

Bulletin of the Bureau of Standards, Vol.4, No.2, 1908, Page 301ff.
Kazuya Masu

5mm mm
B 100um — 600um
AFHBAX  0.1nH — 10nH
R & 0.5GHz — 20GHz
QfE 3-15

. Eﬂﬁ#&?ﬁ(:;énx|
Fp/804 20 — 5058 E Si%*}il:é:él:lx
azuya Masu
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H— 1 o i Coul I1° i Con2
" b (b) HHEB1L) % 'CI
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2 Rsit Csil Rsiz Csiz
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SHASE
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Rsii EiRiE#H
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pp— s 2 (#9272 AR BRI EL |
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e
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o SEERMRICLY. VT A1UF VAR,
EDL%, CDAVFVRIZKY, SiEk @
RISRERD RN,

o ChEMENMEMMIZETIVIL
f=Ly,

o SiERTDBERM TN DEE L
WimagEE D T ERET B,

® UUHR,EYVHR,DEDIEE A
BV R(EBHIITROSND(E R WEFE  q,

FTHOT, MHEagdBLCEDHDHT ) qiiilj;é by
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Ti B‘K}’B ELH—

L, R» EER

#%IEE"]I:‘Q:; J:ISEQE,‘JIEL/L\O Kazuya Masu
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F.ﬂ'f?’ﬂ EEH'—“

1. BEREREBHRE

2. Maxwell®) A2z

3. Maxwell® AFER ELSIHZFIRASIN B4
1. EEEDERE. REMER. BIRHBIKRELE)
2. #BARGEEER)

4. BIEETIVTIZRIZIIDER
1. ZH{lEE
2. BE

3. AVFYRAUR

5. RFEIRR:TICEHZEMR
1. BHERETVTH

2. EERE

3. AVE—HVRAIYFUY

Razoya mMasu
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ECH—

® WUNT AR—)L
B ER&YHHREMED
KA
m AR o OB
I = 1,1, B—HRIZHTENS
O PHICHITHER
E = [E,, Eq,Ep|. BiFR
H = [H, Hg, Hy| &R
DEITKDLEND, 12)=1,

< WNTAR—LToTF

Kazuya Masu
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-------- k = eono

¥ cos @

WD A R— LIS D G M[B/ 124

5 60mely 1-.,4 1 +1 R 0
] 7 e ;‘ jk?‘z ‘Qk)zr:?i sin

Hy=j=2 -
¢ =I9x¢ Ti\j

4, jkr {1-|+

[EHOBLDIF. B R |

E;=0 H,=Hyg=0

Kazuya Masu
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Ti E‘K}’B ECH—

E . .607T'£10 _jkr . _ .& —jkT .
g—j—h e sin 6 H¢—]/1re sin 6
.ﬁLL*EIE[i e—jkr ’C*‘EF)"L EQ&UEqbli\ r 7.J_|-E'-.|
~e = 1/ETy; Tlald BT

O TR £y RUHSR Hy B TR (r
AR ELERT B,

®0 )y, = 120m =1, (AEOEHIVE—H

B S A NEWTATER
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rﬂ‘.‘?’n’ ECH—
ORAVTAVIRNIML P=ExH oy
ORAVTFAUITE °

P =EgHy =2
{)Io 2 . 0
P(r,0,¢) = 30m <ﬁ) sin? @ [W]
O NEZLZTHTHEANLTEMHNENERDH D,

21 Vs
W, = j j P(r,6,¢)r?sin 0 dod¢p
o Jo

L\ (" 2\
= 607 (T:) rzfo sin3 6 d6 = 8072 (Z) I,2[w]
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o ER |75‘/)|L1’L7L_&§0)ﬁ B ADETE H
W'Cﬁ;é ThEHE, N AR—ILIC
R =W,/1,> DEFANEFEET HEITHEY
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¢
R, = — = 80m? <—> [Q]
I,

2

A

O L RRT7TFTIX73.13Q. Nd7TF TlE

36.57Q&75 5,

o LHDFEETIE. SOFMIHAL, FIFTALOTELT o TFEELR
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Ti B‘K}’B ELH—
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R: ER#RiEin
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C BREE ;F U
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o TUAERBAKDEEX. RCEMETEMRTES,

@ LIAT. RDIMDASARTRCEIEDENEFERRL
TWAN RICIEMACTODIER TIEES DM, EZ
TRALEEAL, ERFOOERBIFFEELLEVEEHT
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A .va Masu Kazuya Masu
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BUWMEE . ARV CBERTYTEEEMA-HOEED
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R, ERO &, (COMRBEFTWSEREBDOR)
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FUDELT ZEEBERSIGEREIZHD, BRESE
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BOEEAE—F VR JL/C I2HEBIETTHS, £
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— Ry Ry l
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OR, > jwL, R, » 1/jwC EEZFHWANILRL
T THD,

Kazuya Masu

ﬁ%ﬁ&t w WEARES: BBREERHOK /m
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{} {} @D _ y2 = (R +jwL)(G + jwC)
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>, = L o + RI(z,t) REBAER (B EE
0°Ey(2) 2 y = Joulo + jwe)}/?
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azuya Masu Kazuva. M
HEARR: SBREEHK /m e 144
FB‘K}’B ECH— FB‘K}’B EEH—-

o (X IRMDRB AR T, BEMRDKE A
BAELRACLKRATHD,
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) [CTEMRAMEHRL T & EZEZANIE, RL
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y = \/(R +jol)(G +jwC) =a+jB
V(z) = Aexp(—yz) + B exp(+yz)

EITRDAHETRT & V(z) =V, e" e JBx

% .
I1(z) = Z—Z e~ X o—Jhx

1
a= \]E\/(RZ + w212)(G? + w?C?) + (RG — w2LC) | = 0

B

144

\/%\/(RZ + w2L?)(G? + w?C?) — (RG — w2LC) = wVLC
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GHz Signal Propagation in ULSI Simple Fundamentals / 145

rmr}'n ELH—
’: waue length of the signal v ¢ 1

£ signal frequency A=—= "

¢, relative dielectric constant Je, f

f
(L: mlercnn:lecl length |

[ L<< ) (1 %x ]
| Lumped constant circuit | | Distributed constant circuit

eriteria L 3| -~ L |«
40 100

Kazuya Masu
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rnx/'n ECH—

Analog Circuit: | : wire length

1 1
>
[100 40]

PC board design

XA, A=
f

Rising time (1) Of pulse becomes shorter than
the round trip time of signal through the wire.

2X Ty > T

rise

Kazuya Masu

Criteria 147

rnx/'n ECH—

1
Analog Circuit I>—xA

* Phase: 10-degree

* Reflection coefficient of signal
Ideal open/short terminal : T'= -1 or +1

148

Rising time of pulse is generally 5% of the period.

Ti HK}’B CH—

Trise = = 5% of period = L:i 1
20 20 f

clock

VI
v 20 f

2XTheey > T

clock —/_\_/_
IS -

Trise

» I'=-0.730r+0.9 (3dB change) faok A 20 Foon
1 .
I > —xA Period: T = !
40 fclock
Kazuya Masu Kazuya Masu
Criteria 149 Critical frequecy /150
— rﬂf(}’ﬂ' ECH— TOKYD TECH—
1000 | | , Critical Frequency [1,) :
O—'\WWJ_ WJ_ o fD Transmission Mode Area 1 1 1 ¢
R,L,and C: 3 L=—xA=—"—x—_—2°
‘ R I NG 207" T a0F, e,
; ; ; Resistance, >‘\ V = light velocity eNTr
L < 1 1 ( 7 X 1 Inductance, and 10 Y I Blue area:
oly <— ~() T x—— capacitance per /o Transmission Line mote
T length , rR / Gray area
Lt =Lxlengh and C;=Cxlengh o Lumped RC area
e =4,

Rising time of the pulse -> t,;,, =(1/20)(1/f)
The condition that the inductance components can be
neglected results in

“ The rising time is equal to (or less than) the

twice of the delay time of the line.”
K.

0.1 !

107

RC Treating Area \
h f
1

103 10 2 10! 10°
Interconnect Length L [cml

For over 1GHz signal propagation
through 1cm inter-connect line,
the transmission line is required.

o Interconnect length less than

100.:m can be treated as the
conventional lumped RC circuit

Fundamental frequency of pulse: f_ f - f
Critical Frequency: f,

at over several tens GHz.

Kazuya Masu




Possihle transmission line structure 5 Possible transmission line

I I l FHK}( e EEH— Our group
nsuiator A . . .

Pair Line Structure || Zhsbamien e
Siyn/alllirel:tion / Insulator chip

signal transmission

Features of pair line

+To be implemented in the muiti-

(Wicro-surintine Tune] ( Co-Auial Cable Tyne | /2 .

Kazuya Masu

Kazuya Masu

Characteristic Impedance / 153 Characteristic Impedance / 154
rHK}fB ECH— rHK}fB ECH—
Infree space In TR line, the impedance is given by
=14 4 E—4 > X (Characteristic Impedance) L D
ZO = |—/— = 1207Z'W

u 0]
Z, = |— =120 =377Q D-w: LargeZ,
&

HOW is the Max Z, ?

—WwW—

Kazuya Masu Kazuya Masu

feT#s ., 500 2 /155 faldk . 500H ? /156
m«}fn ELH— m«}fn ELH—
a
FMRBES L, BEABONSE DA 4 1 (HFJ 10
VRERDS, f== 21 a
B E—S DR & n i] 9y []/ b]
b 3.59112 In| 1/ —
s - (1207) in[ 2 a
o T T s b alN —EDEH ! b —EDFEH !
B ’ 0
4 8
R -t[P, P 1 (pj 1,1
2rlaé bs) 2z\s5)la b 3 °
2 4
BEEM L . ,
1.1
AEADELE b oo RLOss . ( a b ) 0 2 4 6 8 10 0 0.2 0.4 0.6 0.8 1
NEERDEE:a - 27 a a/b b/a
BEES: o ° In| —
' b )kazuya Masu a/b=3.59112 &/
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rnxfn ‘Z‘_Eﬂ‘-—-‘

Impedance matching in RF circuit
3770
N

®®_
2,0 ~TTQ | ' ] ]

for /2 dipole
BPF [ LO
J DURA 1 l
Question : 50Q matching is |
reltjquirled ? " | ® ®

e Transceiver with discrete components requires
impedance matching between components.
e |n one chip CMOS RF, impedance matching is not

necessary. Kazuya Masu

Why 50 O 2

rnxfn ‘Z‘_Eﬂ‘-—-‘

® This topic returns every several years.
® Discussions are well summarized in the books.

HIGH-SPEED | g%iw. .
SIGNAL b ek
PROPAGATION

ADVANEED WLACKE MADIC

Japanese version

Hiward b « Mt Grabam
Planar Microwave Engineering: A Practical Guide to High Speed Signal Propagation: Advanced Black
Theory, Measurement, and Circuits, by T H. Lee, Magic , by H. W. Johnson and M. Graham, 2003
2004

K. Mééﬁ, “RF MEMS for Reconfigurable Radio”, ISSCC 2008, Sunday Evening Panel, Feb'@aﬁwguasu

Why 50 9

rnxfn ‘Z‘_Eﬂ‘-—-‘

® In the respect of signal lines
W Coaxial cable
B Microstrip line

y

a

® In the respect of impedance matching to
antenna

K. Mééﬁ, “RF MEMS for Reconfigurable Radio”, ISSCC 2008, Sunday Evening Panel, Febi@aﬁwgﬂasu

Why 50 O 2

® Loss due to the skin effect

Loss minimum at b/a ~ 3.59
Zox 77Qforeg =1 a

Zo~ 50Qfore, =23

T 014 [

I ( 1 +,) s \ £=235

60a | b o, /

n e 0NN~
a 2 \ I~ e=1
S 0.08 \
60 b g L —1
Z,= nl 2 £ 006
VE; a 20 40 60 80 100 120 140
Assumption: b = const. 20[Q]

K. Mé§ﬂ, “RF MEMS for Reconfigurable Radio”, ISSCC 2008, Sunday Evening Panel, Feb'@aﬁwguasu

Why500 3 o
s (59

f—

® Maximum power

deliverable to a load
P, @t b/a =2~ 1.65 a
Zo~ 30Qforg =1
Zo~ 20Qforg =23 0.2 ™1
= — -
\/z , { , [ b J} 5 //7\\\\\\ e=1
P E a‘In| — £
60 max a 2 0 1 / \\
60 b g~ h
Z,= \/; In[a] f‘_ £=2.35
' 3 | |
Assumption: b = const. g 0
=2 0 20 40 60 80
& 20 Q)

K. Masu, “RF MEMS for Reconfigurable Radio”, ISSCC 2008, Sunday Evening Panel, Febi@aﬁwgﬂasu
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® Microstrip line on the board

Large radiation/EMI
w and crosstalk
Radiation Crosstalk

‘ )Aq >t ko

Zo : Small Zo : Large
Difficulty in drivability Trade Off

Appropriate became to be around 50Q2

Assumption: the same metal width

K. Mé§ﬁ, “RF MEMS for Reconfigurable Radio”, ISSCC 2008, Sunday Evening Panel, Feb'@aﬁwguasu
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® Impedance matching to antenna

*Z.4~ 77 Qfor A/2 dipole antenna
7.4~ 33 Qfor A/4 antenna -

Easy matching to antenna
might be a reason why 50Q0.

!
||
;

rad

K. Masu, “RF MEMS for Reconfigurable Radio”, ISSCC 2008, Sunday Evening Panel, Feb'@amg“asu
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